The ability to steer the flow of light toward desired propagation directions is critically important for the realization of key functionalities in optical communication and information processing. Although various schemes have been proposed for this purpose, the lack of capability to incorporate an external electric field to effectively tune the light propagation has severely limited the on-chip integration of photonics and electronics. Because of the noninteractive nature of photons, it is only possible to electrically control the flow of light by modifying the refractive index of materials through the electro-optic effect. However, the weak optical effects need to be strongly amplified for practical applications in high-density photonic integrations. We show a new strategy that takes advantage of the strong exciton-photon coupling in active waveguides to effectively manipulate photon transport by controlling the interaction between excitons and the external electric field. Single-crystal organic semiconductor nanowires were used to generate highly stable Frenkel exciton polaritons with strong binding and diffusion abilities. By making use of directional exciton diffusion in an external electric field, we have realized an electrically driven asymmetric photon transport and thus directional light propagation in a single nanowire. With this new concept, we constructed a dualoutput single wire-based device to build an electrically controlled single-pole double-throw optical switch with fast temporal response and high switching frequency. Our findings may lead to the innovation of concepts and device architectures for optical information processing.
INTRODUCTION
Breaking the symmetry of photon transport is essential for the construction of optical diodes or isolators in photonic integrated circuits (1) (2) (3) (4) (5) (6) (7) , which, in many ways, resemble the roles played by semiconductor p-n junctions on electronic chips. A series of photonic schemes have been used to achieve asymmetric light propagation based on magneto-optical (8) , topological photonics (9, 10) or optical nonlinearity (11) by exploiting the asymmetric coupling efficiency or propagation loss along the two opposite directions of light propagation. Unfortunately, the inherent complexity in the device configuration and large footprints restrict their applications in integrated photonics. In contrast, controlling the photon flows with a static electric field offers a much attractive solution, because with it, the functions of integrated photonic devices will be broadly expanded because of the higher tunability and higher compatibility with electronics (12, 13) . However, this is fundamentally difficult because photons, being chargeless and massless gauge bosons, barely interact with one another nor do they respond to the external stimuli.
On the other hand, in an active semiconductor waveguide, photons can be coupled with excitons to form a new type of hybrid state known as exciton polariton (EP) (14) (15) (16) (17) . These mixed light-matter quasiparticles can propagate along the waveguide and subsequently couple out to restore their original form as photons. Thus, whereas EPs are capable of carrying photons, they also exhibit charged electron/hole characteristics (inherited from their excitonic components) (18) , which can be manipulated using external electric fields (19) . In particular, the directional exciton diffusion has been experimentally realized by locally applying an electric field (20) (21) (22) or acoustic field (23) on an asymmetric quantum well structure, but the asymmetric exciton diffusion has never been exploited for the realization of electrically controlled directional light propagation.
RESULTS

Organic semiconductor nanowires for asymmetric exciton diffusion
The fact that the external electric field may reduce the stability of the exciton indicates that the effective control of light propagation can only be achieved for systems with large exciton binding energy. In this context, the Frenkel-type exciton in organic semiconductors is particularly attractive, owing to its high binding energy and long diffusion path length. The generated polaritons in highly ordered organic crystals are known to be highly stable even at room temperature (24, 25) and can propagate up to a millimeter (26) . In an organic single crystal, the uniform distributions of generated excitons in space often result in the omnidirectional exciton diffusion. In principle, one can generate uneven spatial distribution of excitons by using sophisticated structural design to achieve the asymmetric diffusion but at the expense of very complicated fabrication procedures. We believe that the utilization of an external electric field can reach the same goal without facing these difficulties. It is known that the interaction between the external electric field and an exciton can produce an external interaction potential, V ext = −m e ·E, where m e is the transition moment of the exciton and E is the external field. Such a directional interaction can break the otherwise symmetric distribution of the excitons and thus results in a directional light propagation mediated via the formation of EPs.
Here, we present a successful demonstration of the asymmetric photon transport and thus directional light propagation in one-dimensional nanocrystals constructed from the organic semiconductor compound 9,10-bis(phenylethynyl)anthracene (BPEA; fig. S1 ). The highly symmetric structure of BPEA helped to fabricate the crystalline wires. The choice of BPEA was further motivated by its high absorption/ emission efficiency, outstanding optical waveguiding performance (27) , and large exciton binding energy (652 meV; see section S1). Moreover, the high symmetry of BPEA molecule can also effectively minimize the negative Stark effects on its large exciton diffusion length. BPEA nanowires of high monodispersity ( fig. S2 ) were fabricated with a physical vapor transport technique (see section S2). The BPEA nanowires show very similar absorption and photoluminescence spectra to those of the BPEA powder ( fig. S3 ), which indicates that the BPEA does not undergo chemical reaction during the vapor transportation. ]. The intermolecular distance along the stacking direction is as short as 3.37 Å, which results in a large overlap between adjacent p orbitals and further improves the migration of excitons (28, 29) and the exciton-photon coupling.
The photoluminescence image of the wires in Fig. 1B exhibits orange emission, with bright spots at the wire tips, under ultraviolet excitation. This active waveguiding characteristic indicates that the photoluminescence energy can propagate along the wire axis. The guided-light intensity has much slower decay at longer wavelengths ( Fig. 1C and fig. S8 ), and the complex refractive index shows strong dispersion in high photon energy bands ( fig. S8 ), which clearly indicate the formation of EPs following excitation (30, 31) . It can be seen that the emission at both ends has almost identical intensity ( Fig. 1C and fig. S9 ) when the ultraviolet excitation is located in the middle of the nanowire. This indicates that the EPs in the waveguide can transfer freely in the two opposite directions with equal probability, and the density of the exciton is symmetrically distributed in space in this system. The introduction of the external electric field on the system can thus change the density distribution of the exciton through the alternation of the interaction potential (32) (33) (34) , resulting in the intensity difference of the emissions from the two ends, as schematically shown in Fig. 1D .
Realization and modulation of electrically controlled asymmetric photon transport A simple experimental setup to verify the effects of the electric field involves placing the electric field coplanar with the long wire axis, as illustrated in Fig. 2A and fig. S10 . When the excitation is located at one end, the forward and backward transport of EPs with respect to the direction of the electric field should be drastically different, leading to asymmetric light propagation. This is exactly what we have found from our experiments, in which two parallel electrodes with constant channel width are placed close to each side of a typical nanowire to establish a coplanar relationship between the electric field and the light propagation ( Fig. 2B) . Compared with the guided photoluminescence spot in the absence of a field, the forward transport at 1.0 × 10 6 V/m gives a larger and brighter light spot, contrasting sharply with the small and obscure one at the backward output end. The corresponding outcoupled spectra in Fig. 2C quantitatively show the contrast in the intensity of the optical signal for forward and backward propagations under the electric field, suggesting that much higher propagation efficiency is achieved when the EPs propagate along the field direction. The plot of the asymmetric ratio [AR = 10 × lg(I forward /I backward )] versus wavelength in the inset to Fig. 2D demonstrates a strong propagation asymmetry, with asymmetric ratios larger than 1.2 dB, over a bandwidth of 200 nm and a maximum value of 1.9 dB at 610 nm.
The convincing experimental evidence of the asymmetric optical outcoupling indicates that our proposed strategy of using external electric field to control the diffusion of excitons works well in the organic nanowires. To further demonstrate the basic working principle, we have carried out a model calculation to describe the exciton diffusion under the external electric field (fig. S11 ). The occurrence of the interaction potential, V ext , can produce a directional force on the exciton and can cause an asymmetric redistribution of the exciton density (Fig. 3A) , as reflected by an extra field-dependent term in the diffusion equation. The calculated results clearly demonstrate the huge effects of the external field on the asymmetric exciton diffusion. As a comparison experiment, it is found that the electric field has negligible effects on the passively guided light without generation of excitons under the excitation of a 635-nm laser ( fig. S12 ), which further confirms that the asymmetric photon transport results from the response of the EPs, rather than the electro-optic effect on the refraction index.
Within this interactive picture, the asymmetric optical outcoupling can be modulated by varying the field strength and field direction, as the corresponding exciton diffusion ability is determined by the interaction potential that is related both to the strength of the field and to the angle between the molecular transition dipole and the electric field, q. It can be seen from Fig. 3B that the BPEA transition dipole leans an angle of 45°t o the growth direction of the nanowires (also see figs. S13 and S14) (35) . As shown in Fig. 3C , the opposite intensity modulations in the two opposing directions are both quasi-linearly amplified on increasing the electric field strength E. Moreover, various field effects are observed under different angles a between the electric field and the long axis of the nanowire. It is found that the relationship between I forward /I backward and the angle at 1.0 × 10 6 V/m (Fig. 3D) can be described by cos(a − 45°), and the maximum asymmetric ratio up to 5 dB can be achieved at a = 45°. All these experimental evidences clearly demonstrate that the photon transport asymmetry in organic molecular crystals can be effectively tuned by the electric field through the control of the exciton diffusion ability.
Electrically controlled single-pole double-throw optical switch
The asymmetric light propagation realized with directional exciton diffusion in the composition-homogeneous nanocrystals facilitates the fabrication of nanowire-based photonic devices. For instance, a single nanowire with dual waveguide output might behave as a connection of two unidirectional waveguides when the laser is focused on the middle of the wire (Fig. 4A ). According to the obtained angular dependence of propagation asymmetry, the wire with a = 45°was selected for optimal operation. Because of the reverse direction of light propagation, the outcoupled light intensities of output 1 (O1) and output 2 (O2) undergo opposite effects under the electric field (Fig. 4B) . The variable asymmetric output can be achieved by changing the input electric field, as shown in Fig. 4C . The modulation ratios [(I E − I 0V/m )/I 0V/m ] of two wire tips scale linearly as a function of the applied field strength and can be deduced from the fitting equation for O1 and O2, respectively: I O1 = (1.11 × 10 −6 E + 1.0) I 0V/m and I O2 = (−3.73 × 10 −7 E + 1.0) I 0V/m . This dual-output device enables the continuous distribution of the output optical signals in one channel and further allows us to design an electrically controlled single-pole double-throw (SPDT) optical switch (Fig. 4D) . When a constant field with the strength of 0.6 × 10 6 V/m is applied on the device, the output of O1 increases, which is defined as the "on" state. Meanwhile, the outcoupling of O2 decreases, corresponding to the "off" state. On the basis of the field-controlled exciton diffusion, the on and off states of two outputs can be interchanged by reversing the field direction, as shown in Fig. 4E . The relative intensities for all 20 cycles remain almost the same, demonstrating the stable switching behavior with low device fatigue.
For such an electric field-controlled optical switch, the switching speed and frequency should naturally be determined by the performance of the applied electric instrument. We carried out measurements using a nanosecond electric pulse generator. One can immediately observe that the optical response of the switch is always the same as the response of the pulse generator. More specifically, our SPDT switch reaches a high switching speed of 4.2 ns with an electric field speed of 3.8 ns ( Fig. 4F and fig. S15 ) and a frequency of 10 MHz under the 10-MHz electric pulses (Fig. 4G) . By further optimizing the electric instrument, the frequency of our SPDT switch can always be enlarged ( fig. S16 ).
DISCUSSION
In conclusion, asymmetric photon transport has been realized in singlecrystalline organic nanowire waveguides as a result of electrically controlling the directional exciton diffusion during the active light guiding. Electrotunable asymmetric optical outcoupling was achieved and maximized by altering the field strength and direction. Furthermore, an electrically controlled high-speed SPDT optical switch has been constructed on a single nanowire. These results provide insight into the design of nonreciprocal photonic nanodevices and will promote the advancement of exciton-based optical elements toward miniaturized photonic circuits and on-chip integration of photonics and electronics.
MATERIALS AND METHODS
Nanowire synthesis BPEA nanowire crystals were obtained using a physical vapor transport technique. The experimental procedure is described in detail in section S2.
Device fabrication
The BPEA nanowires were deposited directly onto a Si/SiO 2 substrate, and two rectangular Cu electrodes were then attached with a fixed channel width of 100 mm to incorporate several BPEA wires with different angles a in between. The thickness of electrodes (on the millimeter scale) ensured the application of a uniform electric field in the plane of the wires. The wires and electrodes formed a nonintimate contact with each other to prevent the charge injections that might bring detrimental effects to the device. The structure of the device is illustrated in fig. S10 .
Optical characterization
The optical measurements were performed on a home-built confocal microphotoluminescence system (fig. S17). A single wire was locally excited with a 351-nm laser beam (BeamLok 2065, Spectra-Physics) focused by an objective lens (50×; numerical aperture, 0.8; Nikon CFLU Plan). The emission of the wire was selectively collected from the tip using a confocal microscopy setup with a 1-mm pinhole. The light was subsequently coupled to a grating spectrometer (Acton SP2300) with a matched thermal electrically cooled charge-coupled device (ProEm: 1600 × 200B, Princeton Instruments).
For the measurements of electric field-induced asymmetric light propagation, an external electric field was applied with a commercial dc voltage supplier. The pulsed electric field was applied using a nanosecond signal generator, which supports tunable amplitude, frequency, and rise time ( fig. S18 ). The optical signals were detected using a silicon photodetector and monitored using an oscilloscope to obtain the response time and switching frequency of the switch.
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